Motivated by excesses in eejj and eνjj channels observed by the CMS collaboration, in 8 TeV LHC data, a model of lepto-quarks with mass around 500 GeV was proposed in the literature. In order to reproduce the claimed event rate, lepto-quarks were assumed to have a significant partial branching ratio into an extra sector, taken to be Dark Matter, other than the canonical ej. We here show that the decay channel of lepto-quark into Dark Matter can fit another excess claimed by CMS, in + − jjE /T: the event rate, the distribution in di-lepton invariant mass and the rapidity range are compatible with the data. We provide predictions for the forthcoming Run II of the 14 TeV LHC and discuss aspects of dark matter detection.
INTRODUCTION
The CMS collaboration reported a 2.6σ excess compared with Standard Model expectations in + − jjE / T events, containing two opposite-sign same-flavor leptons = {e, µ}, at least two jets and missing transverse momentum E / T [1] . No similar ATLAS analysis has been presented. The CMS analysis was performed with 19.4 fb −1 of integrated luminosity at a center of mass energy of 8 TeV. The excess was found in the central region with lepton pseudo-rapidities |η | ≤ 1.4, after various event selection and flavor subtraction cuts, and in the kinematical region with di-lepton invariant mass m < 80 GeV, as shown in Fig. 1 . No excess is seen in other regions nor in the trilepton channel.
The excess was found in the context of CMS searches for edges in m . The triangular edge is a classic supersymmetry signal, and interpretations of the CMS excess in the context of the so-called golden cascade (χ , and˜ are the lightest neutralino, the next-to-lightest neutralino and the slepton, respectively). Since direct electroweak production ofχ 0 2 has too small a cross section to provide a large enough rate whilst evading previous collider bounds from LEP, assistance from colored particle production is required. The decay chain could start witht → tχ 0 2 [2] orq → qχ 0 2 [3] . The former interpretation is constrained by the fact that the CMS study did not observe a large excess in trilepton final states, which should be present from the leptonic top quark decay. The latter case will be increasingly constrained as the exclusion limits on first two generation squarks becomes stronger. The CMS study itself opted for an explanation in terms of light sbottomsb → bχ supersymmetric, class of models that were introduced for a different purpose. A CMS search [5, 6] for leptoquarks (LQs) [7] - [13] found a mild excess in the eejj and eνjj channels, giving hints for a first-generation scalar lepto-quark with mass 500−650 GeV and branching ratio of the lepto-quark into leptons and quarks of ≈ 15% [5] . In the model presented in [14] a Dark Matter sector was added to account for the missing branching ratio. This extra decay channel of the LQ enables us to fit the CMS + − jjE / T excess. Fig. 1 exemplifies how the + − jjE / T excess can be reproduced by lepto-quarks with ≈ 500 GeV masses: the model predicts a peak in m , which fits data roughly as well as the triangular edge searched for by CMS. The model also predicts small numbers of events in the forward region and for trilepton final states, also compatible with the CMS measurements.
The paper is structured as follows: we first describe our model, the spectrum and decays of the LQ, and the constraints on the spectrum from various experiments. After giving technical details about our estimates, we define five benchmark points, providing expected event numbers for them and the E / T spectrum for one of them. Expected event numbers for Run II are also provided. We finish with a summary.
THE MODEL
Renormalizable LQ models were classified in the early literature [15, 16] . Given the quantum numbers of the SM quarks and leptons, some LQs could also couple to two first generation quarks, leading to proton decay. We consider lepto-quarks that do not lead to proton decay at renormalizable level: either a scalar R 2 in the (3, 2, 7/6) representation of SU(3) ⊗ SU(2) ⊗ U(1) that can couple to Qe and to Lu; or a scalarR 2 in the (3, 2, 1/6) representation (the same as the quark doublet Q) that can couple to Ld. We focus on R 2 because its quantum numbers are favorable from a dark matter perspective, as we will clarify later. Pair production ofR 2 thus constitutes our main example. Its Lagrangian couplings are
where i, j denote flavor indices. In the above,
Expanding the SU(2) components yields
In addition to the LQ, we introduce a dark sector with a scalar S and a fermion χ, with a Z 2 symmetry under which the dark sector is odd, whereas the SM and LQ sector is even. Thus, our new physics content is
where we have also displayed the Z 2 quantum numbers as a subscript. Notice that there is almost no freedom in choosing the above particle content. The quantum charges of the dark sector are fixed by symmetries; either the scalar S or the fermion χ has to be a triplet under SU(2) L (having both singlets will not give enough charged leptons in the final state to match the CMS study, as we will see). We have chosen a scalar triplet for convenience; the discussion and results would be analogous for a model with a triplet fermion χ and a singlet scalar S. The hypercharge of the dark sector is fixed to be zero to easily accommodate dark matter direct detection constraints.
The LQ decay into the dark sector can then be described by adding the following dimension-5 effective operators:
whereH is the iso-spin transformation of the Higgs doublet. Constraints on the LQ couplings are discussed in [14] . The CMS study does not discuss the relative number of e + e − and µ + µ − events in the + − jjE / T excess. We will assume them to be equal and introduce both a first generation LQ and a second generation LQ in order to obtain both e + e − and µ + µ − events. Moreover, while the CMS study does not specify the number of b-jets in the signal, we note that R 2 could decay to b-quarks and other down quarks democratically or preferentially across generations, depending on the choice of the Yukawa h i in Eq. (6).
Spectrum and Decays
Either the triplet component S 0 or the singlet χ can be the lightest DM particle. The two possibilities lead to different dark matter phenomenology. Here, we will mainly consider the case of a singlet χ as the dark matter candidate (the collider analysis of the other case can be performed analogously).
The two couplings of the LQ induce two decay modes:
where can be a charged lepton or a neutrino.
The latter coupling in eq. (6) induces the S → χ decays of S. In components:
so that decays of charged scalars S ± give charged leptons and E / T in the final state. One loop electro-weak corrections induce a small mass splitting of ≈ 200 MeV between the neutral and charged states in S. Combining all decays, oneR 2 LQ can produce the following final states:
1. A lepton and a jet. The free couplings of the Lagrangian allow us to set the R 2 branching ratio to the level required by the CMS jj anomaly: we will assume [14] BR( R 2 → j) ∼ 15%
Consequently BR( R 2 → Sjχ) ∼ 85%.
A jet and missing energy, with
3. A charged lepton, a jet and missing energy, with Two representative Feynman diagrams relevant for the two CMS anomalies are displayed in Fig. 2 . After the LQ is produced by (for example) gluon fusion, it decays to the scalar S, a quark, and DM χ. The charged components of S then give ± and χ. Processes initated by quark-antiquark annihilation also contribute to the cross section (not shown in Fig. 2 ).
Constraints on the masses of R2, S, χ (i) Constraints from jE / T searches. As described previously, LQ pairs have decays to jets and missing energy that must be compatible with jE / T searches from ATLAS [18] and CMS [19] . The most relevant exclusion limits from these searches are phrased in the squark-neutralino (mq, mχ0 1 ) mass plane (Fig. 10 of [18] ), where the lightest neutralino is stable and escapes the detector. In our model, both S 0 and χ effectively escape undetected. To compare to the experimental studies, we map the neutralino mass mχ0 1 to m S + m χ and the squark mass mq to m R2 . Taking into account that, in our case, BR( R 2 → jE / T ) ∼ 25%, we conservatively estimate the bound m S + m χ > 300 GeV (9) for LQs in the mass range 450 − 650 GeV.
(ii) Constraints from CMS LQ searches: There are now constraints on first and second generation LQs from CMS. For first generation LQs, there is a mild evidence for ∼ 550 − 650 GeV scalar LQs, using 19.6 fb −1 of integrated luminosity, at 2.4σ and 2.6σ in the eejj and eνjj channels respectively [5] . For second generation LQs, studies of the µµjj and µνjj final states has resulted in the exclusion of scalar LQs with masses below 1070 (785) GeV for BR µj = 1(0.5) [6] . In our model, the second term in Eq. (6) provides a decay chanel to eejj and eνjj. For first generation LQs, a branching BR( R 2 → ej) ∼ 15% agrees well with the observed excess in the 500 − 650 GeV mass range. For second generation LQs, the absence of an excess means that the corresponding branching BR( R 2 → µj) should be smaller. We note that a smaller value of BR( R 2 → µj) would increase BR( R 2 → µjE / T ) and hence our signal for this study. We will thus set BR( R 2 → µj) < ∼ 15% in the analogous second generation LQ study. We note that leptons coming from R 2 → j decays are usually too hard to pass the upper dilepton mass cut for the signal we are studying. Thus, the branching ratop to j should not be too large in order to maintain a reasonable signal rate.
(iii) Constraints from the dilepton invariant mass m distribution of the CMS + − jjE / T excess, located mostly below m ≈ 80 GeV. The two leptons in our case come from the decay S → χ. To get the excess in the required range the mass difference between S and χ should be
Spectra where m S − m χ > ∼ 40 GeV are disfavored since the dilepton invariant mass distributions would peak at a value of m that is too large compared to the excess. On the other hand, for m S − m χ < ∼ 20 GeV, the leptons are too soft and do not survive the p T cuts for leptons, as we will see later.
RESULTS
We take our background estimates from [1] . Opposite sign opposite-flavor (OSOF) leptons from tt, which has equal rates for the same-flavor and opposite-flavor channels, are used to measure the backgrounds in the CMS study. Drell-Yan production of γ * /Z 0 bosons is an irreducible background since it gives same-flavor events. This is estimated by a control region which does not overlap with the signal region.
We follow the CMS counting experiment analysis in [1] for the signal. The final state is required to have at least two leptons and at least two jets. The cuts employed are:
Cut (i) Two OSSF leptons are required to be present, with p T > 20 GeV in |η| < 1.4 which is defined as the central region in the CMS study.
Cut (ii) At least two jets are required with p T > 40 GeV in |η| < 3.0. Jets are reconstructed by the anti-k T algorithm [20] using FASTJET [21] , with a jet radius parameter of R = 0.5. An event is selected if it contains two jets and satisfies E / T > 150 GeV, or, if it contains three or more jets and satisfies E / T > 100 GeV. In the dilepton invariant mass range 20 GeV < m < 70 GeV, the total background estimate provided by the CMS study for central OSSF events is 730±40. The observed number was 860, corresponding to an excess of 130 +48 −49 events provided by new physics, we hypothesize. In our model, this excess number of events is produced by first and second generation LQs. We implement the model in FEYNRULES [22] and calculate the branching ratios and cross sections using MADGRAPH 5.11 [23] . The events are then passed onto PYTHIA [24] for parton showering and hadronization followed by the modelling of detector effects by DELPHES 3.1.2 [25] . We took exactly the same electron/muon/jets isolation criteria adopted in [1] .
We performed a scan over the masses (m R2 , m S , m χ ) and over h i /Λ 1 to adjust the coupling of the first term of Eq. 6 as well. We fixed the couplings λ Table I for those spectra that best fit the number of events in the central region of the CMS search with BR( R 2 → ej) ∼ 15%, m S + m χ > 300 GeV and m S − m χ < 40 GeV. The E / T distribution after the lepton and jet p T requirements (but prior to the dilepton mass requirement) is shown in Fig. 3 . Clearly, a large number of events can survive the MET requirement. The dilepton invariant mass distribution of the signal after all cuts is displayed in Fig. 4 . In this figure we see that the majority of events of benchmark point C are concentrated in the invariant mass window defined in the counting analysis of the CMS search. In fact, all of the points of Table I present this feature. While the CMS study showed a triangular shape TABLE I. Summary of the effective cross-sections (fb) for the benchmark signal points that best fit the CMS signal at LHC8. In the last row of each point we also show in parenthesis the final number of events predicted. Masses are in GeV. hi/Λ1 is in GeV −1 . The benchmark point for the current study is C. Point E corresponds to the benchmark point of [14] which fit the CMS eejj and eνjj excess in the current model. with a sharp edge, for benchmark point C around 19 events survive in the region m > 100 GeV, which is well within the background uncertainty.
In Fig. 1 , we show the comparison between the CMS data points and the predicted distribution for our model at benchmark point C. As we see, our model can fit the data very well. The other benchmark points of Table I compare favorably to the experimental points too. By performing a χ 2 fit we find that all these solutions have comparable quality and are also comparable to the SUSY triangular-edge proposed by CMS.
We also checked that the number of events in the forward region defined in the experimental study, 1.6 < |η | < 2.4 is small, around 7 events for benchmark C and similar for the other points. This is consistent with the CMS reported number of 6 ± 20 events in the forward region. Moreover, the expected fraction of signal events with 3 or more leptons in those benchmark points is never beyond 0.5%, again consis- tent with the absence of an excess in the trilepton channel as observed by CMS.
Point E corresponds to the benchmark point of [14] which fitted the CMS eejj and eνjj excesses. The number of dilepton events for point E is at the lower end of the range of excess events observed by CMS. This benchmark can be used to fit both CMS searches:
+ − jjE / T [1] and the eejj and eνjj excess [5, 6] . The events from the current + − jjE / T study will not pass the event selections employed in the eejj and eνjj study due to a combination of lepton and jet p T and S T requirements. The eejj and eνjj study is thus dominantly driven by the branching ratios to the canonical final states BR( R 2 → j) ∼ 15%.
In Table II we show the number of events at the LHC14 surviving the cuts of the LHC8 analysis. The integrated luminosity assumed is 100 fb −1 . 
COMMENTS ON DARK MATTER PHENOMENOLOGY
The dark matter phenomenology of this model has been discussed thoroughly in [14] . Here, we recapitulate the main points. DM stability is guaranteed by the discrete Z 2 symmetry. The options are to have either triplet or singlet dark matter that could be the fermion χ or the scalar S.
After taking into account direct and indirect detection constraints, as well as constraints from the LHC, the following possibilities emerge:
1. A scalar singlet S coupled to the Higgs portal. The portal is constrained by direct detection limits from LUX and Higgs invisible decay widths. After taking these into account, the mass range m S > 100 GeV and m S ∼ 60 − 65 GeV emerge as allowed ranges, with the latter being in the Higgs resonance. This option will increasingly be probed by direct detection, with XENON1T poised to rule out much of the mass range up to a TeV [26] .
2. A fermionic singlet with a significant pseudoscalar coupling to the Higgs portal, which results in a dominant (and less experimentally constrained) spin-dependent scattering cross section. Following [30] , we write the portal Lagrangian as
where Λ sets the scale of the portal interaction, and sin ξ sets the pseudoscalar coupling. From Fig.7 of [30] , it is clear that m χ > ∼ O(100) GeV is allowed by LUX results for sin 2 ξ > ∼ 0.7 with Λ ∼ 1 − 5 TeV. The bounds do not depend much on whether χ is Majorana or Dirac.
3. A scalar or fermionic triplet; this is, however, highly constrained now. Fermi-LAT dwarf galaxy data [27] rule out triplet dark matter masses up to around 400 GeV. Galactic center data rule out a dark matter of mass candidate up to around 700 GeV for either NFW or Einasto profiles [28] . The bounds become stronger (weaker) if one considers steeper (less steep) profiles, for example those possibly motivated by massive black holes [29] (isothermal models).
Thus, a singlet fermionic dark matter candidate with mass m χ ∼ 140 GeV that we have taken in our collider analysis of this paper is currently a viable option.
CONCLUSIONS
In this paper, we have explored the possibility that the tentative excess observed by CMS in their + − jjE / T search comes from a LQ model. The model consists of scalar first generation and second generation LQs that decay dominantly to leptons, jets, and missing energy in the form of a stable dark matter candidate. The confluence of proton decay constraints and dark matter direct/indirect detection results in a highly predictive model of LQs that can satisfy the CMS + − jjE / T search. Our model provides a proof of concept that a peak distribution in the required dilepton mass range can be obtained outside the purview of supersymmetry.
Benchmark point C consists of first and second generation LQs with masses of 500 GeV, and dark sector particle masses of m S = 160 GeV and m χ = 140 GeV. The LQs dominantly decay to jE / T final states (∼ 60% branching), and subdominantly into the canonical LQ final states of j (∼ 15% branching) and also jE / T (∼ 25% branching). The LQs could as easily decay to b final states instead (or as well), in which case it would be interesting to see b−tag rates in the data.
While CMS fit a triangular shape in the opposite-signsame-flavor dilepton invariant mass distribution after event selection and flavor subtraction, it is too premature to settle definitively on a kinematic edge. In our model, the number of signal events in the window 20 < m < 70 GeV after event selection is 100 for the benchmark point. The dilepton mass distribution peaks in the window between 20 − 70 GeV with the required event count, while the number of events in the region m > 100 GeV is within the background uncertainty. In a simple χ 2 fit, this point compares favorably with the CMS SUSY fit in [1] . The model is consistent with the non-observation of signal in the forward region, and in the trilepton final states. We have also provided a prediction of ∼ 4700 events at LHC14 for the same mass point with 100 fb −1 luminosity. We have also considered a benchmark point with LQs of masses 550 GeV, and dark sector particle masses of m S = 200 GeV and m χ = 170 GeV, that can simultaneously explain both CMS studies. The number of signal events in the window 20 < m < 70 GeV after event selection is 79, which is near the lower limit of the event count observed by CMS.
